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A high sensitivity analytical method for 237Np analysis was developed and applied to groundwater
samples from the Nevada National Security Site (NNSS) using short-lived 239Np as a yield tracer and HR
magnetic sector ICP-MS. The 237Np concentrations in the vicinity of the Almendro, Cambric, Dalhart,
Cheshire, and Chancellor underground nuclear test locations range from <4  104 to 2.6 mBq/L
(6  1017e4.2  1013 mol/L). All measured 237Np concentrations are well below the drinking water
maximum contaminant level for alpha emitters identiﬁed by the U.S. EPA (560 mBq/L). Nevertheless,
237Np remains an important indicator for radionuclide transport rates at the NNSS. Retardation factor
ratios were used to compare the mobility of 237Np to that of other radionuclides. The results suggest that
237Np is less mobile than tritium and other non-sorbing radionuclides (14C, 36Cl, 99Tc and 129I) as ex-
pected. Surprisingly, 237Np and plutonium (239,240Pu) retardation factors are very similar. It is possible
that Np(IV) exists under mildly reducing groundwater conditions and exhibits a retardation behavior
that is comparable to Pu(IV). Independent of the underlying process, 237Np is migrating downgradient
from NNSS underground nuclear tests at very low but measureable concentrations.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
1.1. Environmental relevance of 237Np
The alpha-particle emitter 237Np is the most relevant Np isotope
with regards to environmental contamination. The majority of
237Np in the global inventory is produced via neutron irradiation of
235U and 238U in nuclear fuel (Thakur and Mulholland, 2012), pre-
dominantly as a result of successive neutron capture on both 235U
and 238U followed by b-decay:
235U(n,g) 236U(n,g) 237U(b)/ 237Np
238U(n,2n) 237U(b)/ 237Np
With respect to the nuclear fuel cycle, nearly all 237Np produced
from nuclear fuel is destined to be incorporated into high level
waste (HLW). This is primarily because no practical application of
237Np exists, while Pu and U are recycled through commercial
reprocessing of spent nuclear fuel. As a result, it is anticipated thatLtd. This is an open access article u237Np will be a major contributor to the total radiation in spent
nuclear fuel and the associated HLW after 10,000 years. Due to its
long half-life (2.14  106 years) and relatively high predicted
mobility under aerobic conditions, 237Np has also been identiﬁed as
a key long-term dose contributor in certain nuclear waste re-
pository scenarios (DOE (US Department of Energy), 2002). As a
result, identifying the factors affecting 237Np transport in the
environment is essential for helping to design a safe, long-term
nuclear waste repository.1.2. 237Np at the Nevada National Security Site (NNSS)
The Nevada National Security Site (NNSS, formerly Nevada Test
Site (NTS)) was the primary location of nuclear weapons testing for
the United States. Between 1951 and 1992, over 800 underground
nuclear tests were detonated at the NNSS. Approximately one-third
of these tests was located below the water table (DOE/NV, 2000),
which has led to signiﬁcant radiologic groundwater contamination.
The radioactive material deposited after an underground nuclear
test, which is referred to as the radiologic source term, consists of
tritium, ﬁssion products, actinides, and activation products. At the
NNSS, the total activity deposited in the subsurface is approxi-
mately 4.9  109 GBq (1.3  108 Ci at 1992) and consists of as manynder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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with half-lives greater than 10 years (with the exception of 154Eu
with a half-life of 8.6 years). Predicting the transport behavior and
ultimately the environmental risk of this radiologic source term is
the subject of active investigation by the Environmental Manage-
ment program of the Department of Energy (DOE/CF, 2013). The
dominant mobile (non-sorbing) radiologic contaminants in
groundwater at the NNSS are expected to be 3H, 14C, 36Cl, 99Tc, and
129I (Hu et al., 2008). Less mobile radiologic contaminants include
137Cs, 90Sr, Pu and 237Np. However, despite the mobility perspec-
tives, Pu was found to migrate from the original detonation site
(Kersting, 2013; Kersting et al., 1999). The presence of the under-
ground radiological source term at the NNSS provides a unique
opportunity to study the migration behavior of a large number of
radionuclides that are relevant for nuclear waste repository per-
formance assessments and for understanding the evolution of
radiologic plumes at nuclear accident sites.
The main sources of 237Np in underground nuclear tests are (1)
radiochemical tracer and (2) the decay of 237U (Bowen et al., 2001;
Smith et al., 2003). Some additional ingrowth of 237Np will occur
from the 241Pu/241Am decay chain. As of 1992, 237Np contributed
only 1.8 TBq (3  102 moles) versus 3.1  104 TBq from plutonium
(1.2 104 moles) to the total radiologic source term (4.9 106 TBq),
which is dominated by 3H (4.7  106 TBq, 4.3  103 moles) (Bowen
et al., 2001; Smith et al., 2003). However, it has been considered a
relevant actinide in environmental risk assessments due to its long
half-life, toxicity and mobility in oxidizing environments.
To date, a very limited number of 237Np measurements has been
reported for NNSS groundwater. Most of these reported values have
been near the method detection limits (e.g. (Finnegan and
Thompson, 2002)), which limits quantitative interpretation of Np
transport behavior. For example, in 1965 the Cambric test (Fig. 1)
was detonated in alluvium below the water table. Subsequently, aFig. 1. A view of the Cambric site with associated groundwater sampling wellscomplex radionuclide migration experiment was conducted in
which groundwater was pumped from a nearby pumping well
(RNM-2S) while radionuclide migration from the Cambric test was
monitored at a drillback well (RNM-1). Groundwater pumped from
RNM-2S was released into a surface drainage that allowed radio-
logically contaminated water to percolate through the vadose zone
and reach a nearby monitoring well (UE-5n). 237Np concentrations
were previously reported to be the same at all three wells: 1.9 mBq/
L (3  1013 mol/L) with a method detection limit of 0.06 mBq/L
(1014 mol/L) (Finnegan and Thompson, 2002). In contrast, recent
Cambric reactive transport simulations predicted ~0.6 mBq/L
(1013 mol/L) 237Np at the drillback well (RNM-1), ~0.006 mBq/L
(1015 mol/L) 237Np at the pumping well (RNM-2S), and little or no
237Np at the monitoring well (UE-5n) (Carle et al., 2005). It is not
clear whether the discrepancy between measured and predicted
values can be attributed to measurement uncertainties or inaccu-
rate model predictions. Validation of these modeling simulations
requires an improved resolution of 237Np concentrations in NNSS
groundwater wells.
1.3. Analysis of 237Np in environmental samples
Major challenges in the analysis of 237Np in environmental
samples are its ultra-low concentrations, the lack of suitable yield
tracers and the need to separate 237Np from interfering constitu-
ents in environmental samples. For instance, the quantiﬁcation of
low-level 237Np in NNSS groundwater is complicated by the pres-
ence of approximately seven orders of magnitude higher natural
uranium concentrations (mg/L levels), which interferes with 237Np
analysis by inductively coupled plasma mass spectrometry (ICP-
MS). Radionuclide measurement techniques for environmental
samples, including both radiometric and mass spectrometric
techniques, have been recently critically reviewed by several(RNM-1, RNM-2S, and UE-5n) and their locations. From Carle et al. (2005).
Fig. 2. Map of NNSS, sampling locations and principal underground testing centers.
FF ¼ Frenchman Flat, YF ¼ Yucca Flat, PM ¼ Pahute Mesa, RM ¼ Rainier Mesa.
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Lariviere et al., 2006; Vajda and Kim, 2011). Analytical methods
speciﬁc to 237Np analysis were reviewed by Thakur and Mulholland
(2012). Primary techniques used for the determination of low-level
237Np in environmental samples include a-spectrometry, neutron
activation analysis (NAA) and ICP-MS (Hou and Roos, 2008; Vajda
and Kim, 2011). The difﬁculty in a-spectrometry arises from the
very low speciﬁc activity of 237Np. The lowest detection limit re-
ported for 237Np a-spectrometry is 0.1 mBq (1.6  1014 mole) with
a counting time of days (Yamamoto et al., 1989). In comparison,
neutron activation analysis (NAA) offers signiﬁcantly higher
sensitivity (Germian and Pinte, 1990; Kalmykov et al., 2004) with a
detection limit of 0.01 mBq (Germian and Pinte, 1990). However,
the requirement of both pre- and post-irradiation sample treat-
ments to concentrate 237Np and to remove interfering nuclides, as
well as the lack of an appropriate tracers, have limited the wide
application of this technique. ICP-MS provides a series of advan-
tages, including high accuracy, speed, and sensitivity, as well as the
simultaneous measurement of multiple isotopes. Furthermore, re-
ported detection limits for 237Np are comparable to NAA. Hence,
ICP-MS analysis is the preferred choice for the measurement of
many stable isotopes and long-lived radionuclides, including 237Np
(Guerin et al., 2010; Kuczewski et al., 2003; Lindahl et al., 2005;
R€ollin et al., 2009). Other sensitive methods, such as thermal
ionization mass spectrometry (TIMS) (Beasley et al., 1998), accel-
erator mass spectrometry (AMS) for both aqueous (Keith-Roach
et al., 2001; Wang et al., 2010) and solid samples (Fiﬁeld et al.,
1997), and luminescence (Ivanova et al., 1994; Novikov et al.,
2009) have also been reported but are not discussed here.
Due to the complex sample processing required for all the
techniques described above, a suitable yield tracer must be
included in any quantitative Np analysis. Yield tracers for 237Np are
limited to 235Np (half-life of 396 days, (Harvey and Sutton, 1987;
Rosner et al., 1993)), 236Np (half-life of 154,000 years, (Beasley
et al., 1998; Efurd et al., 1986; Kenna, 2009; Kenna and Sayles,
2002)), and 239Np (half-life of 2.3 days). Given that isotopes of
235Np and 236Np are rare and not readily accessible, the most
common yield tracer is the short-lived beta emitter 239Np (Lindahl
et al., 2004, 2005; Prosser et al., 1994; R€ollin et al., 2009; Yamamoto
et al., 1991a). The short-lived 239Np tracer is prepared from its long-
lived 243Amparent (half-life of 7370 years). The activity of the 239Np
tracer can be easily determined using Gamma spectrometry or
liquid scintillation counting (LSC) while 237Np concentrations can
be analyzed by ICP-MS.
1.4. Transport behavior of 237Np in the environment
The mobility of Np is conspicuously dependent on the redox
conditions of its environment (Choppin, 2006; Dozol et al., 1993). In
natural oxygenated waters, the predominant Np oxidation state is
expected to be þ5. The Np(V) aqueous species, NpO2þ, exhibits a
relatively low afﬁnity for mineral surfaces and forms weak com-
plexes with most organic and inorganic ligands in solution
(Assinder, 1999; Assinder et al., 1991; Choppin, 2006; Kenna, 2009;
Kenna and Sayles, 2002). Thus, relative to other actinides, Np is
expected to be one of the most mobile in the environment under
oxidizing conditions (Lindahl et al., 2005; Yamamoto et al., 1991b).
Np has been found to be mobile in surface waters such as the Irish
Sea (Assinder, 1999), Lake Karachai (Novikov et al., 2009) and in
SwedisheDanish waters (Lindahl et al., 2005). Novikov et al. (2009)
collected mineral colloids from contaminated groundwater near
Lake Karachai. Based on sequential extraction, U and Npwere found
to desorbmore readily than Pu and Am in oxidizing waters while all
four elements were strongly bound to colloids under reducing
conditions. This behavior was attributed to the weak sorptionafﬁnities of U(VI) and Np(V) species in oxygenated waters and low
solubility of U(IV) and Np(IV) under reducing conditions. Thus,
oxidation of Np(IV) to Np(V) leads to mobilization. However, Np
redox cycling processes under geomicrobiological environment
conditions can exhibit recalcitrance in conversion of Np(IV) to
Np(V) when the environment was switched to oxidizing conditions
(Law et al., 2010). At the NNSS, the groundwater redox conditions at
individual underground nuclear test locations can vary (Hu et al.,
2008; Nimz and Thompson, 1992; Zhao et al., 2008). Therefore,
oxidizing conditions cannot be assumed and Np transport may not
always be governed by the behavior of Np(V).
In order to understand the transport behavior of 237Np at the
NNSS, this study focused on producing a high quality data set of
237Np concentrations, comparing our data to recent reactive
transport models (i.e. (Carle et al., 2005; Pawloski et al., 2001)), and
evaluating 237Np mobility relative to that of other radionuclides,
such as 3H, 14C, 36Cl, 129I, 99Tc and Pu. For this purpose, we devel-
oped amethod tomeasure ultra-low levels of 237Np in groundwater
samples. This method includes an effective procedure to separate
and purify 237Np from other constituents in NNSS groundwater
(e.g. uranium) while using 239Np as a yield tracer. A state-of-the-art
HR magnetic sector ICP-MS provided the capability to analyze
237Np at ultra-low levels. Finally, we employed a method, based on
ratios of retardation factors, to evaluate 237Np retardation behavior
relative to that of other radionuclides.
2. Materials and methods
2.1. Sample collection
237Np concentrations in groundwater samples from eight well
locations and one ﬂooded tunnel location (Fig. 2) were examined.
The samples were collected at the NNSS from 1998 to 2007. Five of
the wells were within or very near the nuclear test cavities
(Cheshire, Chancellor, Almendro, Dalhart, and Cambric well RNM-
1), three wells were located downgradient from nuclear test
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ER-20-5 #1 near the Benham test), and one sample was taken from
behind a gas seal plug located near the portal of a ﬂooded tunnel
system in which a number of underground nuclear tests was
detonated (T tunnel). Detailed cross sections are provided in the
Appendix (Figs A1 and A2) for each of the locations where samples
were collected. All samples were collected via pumps or bailers
directly into new 1-L or 20-L plastic containers. Samples were
stored at room temperature at Lawrence Livermore National Lab-
oratory without any acidiﬁcation. However, for 237Np analyses, 1-L
containers (including colloidal constituents) were acidiﬁed prior to
sample digestion, and the empty containers were rinsed with
concentrated HNO3 þ HF (5:1) to minimize the potential loss of
237Np to container walls. For samples stored in 20-L containers, un-
acidiﬁed 1-L sample fractions were removed for digestion and Np
analysis. The effect of sample preservation and acidiﬁcation is
discussed in the following section. Only the total 237Np concen-
tration in the groundwater samples (aqueous and colloid-
associated) was analyzed.
2.2. Reagents and exchange resins
All reagents were of analytical grade or better and used as
received. De-ionized water from a Barnstead Milli-Q Water (MQW)
puriﬁcation system (resistivity: 18.2 MU-cm) was used for all pro-
cedures and solutions. NIST traceable SRM 4341 237Np standardwas
used for ICP-MS calibration. The AG® 1-X8 anion exchange resins
(chloride form, 50e100 and 100e200 mesh, Bio-Rad Laboratories)
and the UTEVA® extraction resin (50e100 micron, Eichrom) were
used for 239Np and 237Np separation and puriﬁcation. Prior to use,
anion exchange resins were cleaned with 0.1 MHCl and rinsed with
MQW; UTEVA® resins were rinsed with MQW several times. New
Teﬂon jars/vials (Savillex) used for separation/extraction were
thoroughly cleaned by boiling in 1:1 HNO3 and MQW sequentially,
and air-drying.
2.3. 239Np yield tracer
The 239Np yield tracer was produced from a 243Am stock solu-
tion. The 243Am isotope was produced from ﬁve successive neutron
captures on 238U during irradiation of nuclear fuel. As a result of this
neutron irradiation, 243Am production was accompanied by the
formation of 241Am.While the a-decay of 243Am creates the desired
tracer (239Np), the decay of 241Am produces a 237Np impurity.
Hence, when using this 243Am stock to prepare the 239Np tracer,
237Np ingrowth could not be avoided but was minimized using the
procedure below.
In the 243Am stock solution, the 241Am/243Am isotope ratio was
0.0052 and 0.089 by atom number and a-activity, respectively. Due
to its long half-life, 237Np continues to accumulate in the 243Am
stock while 239Np reaches a secular equilibriumwith 243Am after 2
weeks. This leads to an ever increasing 237Np/239Np ratio as a
function of time. In order to minimize the amount of 237Np in the
239Np spike, we ﬁrst puriﬁed the 243Am stock solution using an AG®
1-X8 resin to remove both Np isotopes. We then allowed for the
ingrowth of 239Np for only 1e2 days to limit the undesirable
ingrowth of 237Np. The spiked activity of the 239Np tracer was also
limited to the lowest possible level in order to minimize the 237Np
background while still accommodating sufﬁcient 239Np tracer ac-
tivity. Based on the 241Am/243Am isotope mass ratio in the 243Am
stock solution and a 2-day ingrowth time-period, the amount of
237Np introduced into samples from the 239Np spike was
<3  105 mBq/L (5  1018 mol/L), which is near one order of
magnitude below our method detection limit of 4  104 mBq/L
(6  1017 mol/L).To extract 239Np from the 243Am stock solution, the 243Am stock
was taken to dryness and re-dissolved in ~1 mL of concentrated
HCl þ HI (50:1 v/v). The solution was warmed on a hotplate for
10 min to adjust Np oxidation states to Np(IV). A column, made
from a 1-mL disposable transfer pipette plugged with a porous frit,
was packed with AG® 1-X8 resin (50e100 mesh), and precondi-
tioned using ﬁve column volumes (CV) of Milli-Q water followed by
ﬁve CVs of concentrated HCl þ HI (50:1 v/v). The 243Am solution
was then loaded onto the column. Np(IV) was retained while
243Am(III) remained in the efﬂuent, which was recycled for future
239Np production. The Np-loaded column was rinsed with ﬁve CVs
of concentrated HCl þ HI (50:1 v/v) before 239Np was eluted with
six CVs of 6 M HCl þ 0.05 M HF. The eluted 239Np solution was
heated to dryness, and then re-dissolved in ~1e2 mL concentrated
HCl þ HI (50:1, v/v) for a second puriﬁcation with a fresh AG® 1-X8
resin column.
Two AG® 1-X8 columns were necessary to minimize large pos-
itive measurement errors that could be introduced from 243Am
impurities in the 239Np spike. The 239Np spike activity was
measured using a gamma detector (Broad Energy Ge Detector
(BEGe), Canberra). The energy branch at 277 keV was used to
quantify 239Np tracer concentrations; additional energy branches at
209, 228, 315 and 334 keV were checked for quality control
purposes.2.4. Groundwater sample analysis
Although isobaric interferences from uranium hydrides such as
235U1H2þ, 236U1Hþ have been reported in 237Npmeasurements using
mass spectrometric techniques, the most frequently observed
interference comes from 238U peak tailing (also known as abun-
dance sensitivity) (Vajda and Kim, 2011). The NuPlasma magnetic
sector multi-collector ICP-MS can tolerate low ppb levels of 238U for
quantitative 237Np measurements at ppq levels, equivalent to
sample 238/237 mass ratios up to 7000. However, at the NNSS,
mass ratios of 238U/237Np in groundwater samples are on the order
of 106 or higher. Furthermore, interferences from other unknown
impurities may occur as well. Therefore, an effective chemical
separation of 238U and other groundwater components from 237Np
was necessary.
The use of AG® 1-X8 resin column could effectively removemost
impurities in our groundwater samples, but was insufﬁcient to
reduce uranium concentrations to the desired levels. As a result, the
AG® 1-X8 column was followed by a UTEVA® extraction to effec-
tively separate uranium from Np, as described in detail below. An
overall U decontamination factor of >106 was achieved.
Method development and testing led to the following procedure
for 237Np separation and puriﬁcation in groundwater samples.
Fig. 3 shows a schematic procedure ﬂow chart. A 1-L groundwater
sample in a Teﬂon (Savillex) jar was acidiﬁed with 10 mL concen-
trated nitric acid and spikedwith 1mL of 239Np tracer containing an
activity of 50e80 Bq. The sample was heated on a hotplate to
reduce the sample volume to less than 5 mL (including both
aqueous and solid phases) and transferred into a 30-mL Teﬂon jar
for digestion in concentrated HCl and HNO3 with small amounts of
HF (0.2 mL conc. HF/sample). The samplewas then taken to dryness
to drive off any HF. Drops of HCl were added to the sample jar, and
the sample was taken to dryness again. Finally, the digested sample
was re-dissolved in 2 mL concentrated HCl. If a sample could not be
dissolved completely, then that sample would be centrifuged and
the supernatant would be transferred into a new Teﬂon vial. The
sample residue would be rinsed three times with 1 mL of concen-
trated HCl per rinse, centrifuged and all rinse supernatants would
be added to the sample.
Fig. 3. Chemical separation scheme developed for analysis of 237Np by HRMC-ICP-MS.
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to the dissolved sample to adjust the HCl:HI volume ratio to 50:1,
and the sample (in concentrated HCl þ HI (50:1, v/v)) was warmed
on a hotplate for 10 min to reduce Np to its þ4 state. An AG® 1-X8
resin column (100e200 mesh packed in 2 mL Poly-prep column,
Bio-Rad) was preconditioned with ﬁve, two and three CVs of MQW,
concentrated HCl, and concentrated HCl þ HI (50:1, v/v), respec-
tively. After loading the sample onto the column, tetravalent Np and
U were retained on the resin while trivalent Pu and most other
impurities passed through the column. The loaded column was
then rinsed with ﬁve CVs of concentrated HCl þ HI (50:1, v/v)
before Np was eluted using six CVs of 6 M HClþ 0.05 M HF (most U
was retained on the column). Two AG® 1-X8 columns were used to
increase the Np/U separation factor and remove all other
impurities.
Following the AG® 1-X8 puriﬁcation, the Np eluent was gently
heat to dryness 2e3 times in 2 M nitric acid to oxidize Np to its þ5
state. The sample residue was then dissolved in 1 mL of 4 M HNO3.
To ensure the sufﬁcient removal of 238U from samples, uranium
concentrations were checked by quadrupole ICP-MS. Samples with
238U concentrations above 0.5 ng/mL would need further puriﬁ-
cation. Then Np sample in 4 M HNO3 was loaded onto a small
UTEVA® column (0.2 mL column bed made of a small disposable
transfer pipette). Uranium was retained on the UTEVA resin while
Np(V) passed through the column. The collected Np-containing
efﬂuent was dried on a hotplate and the residue was re-dissolved
in 1 mL 2% HNO3 for NuPlasma HR ICP-MS analysis.
Two 1-mL samples of the 239Np spike solution were used as
gamma counting references for each batch of 237Np samples. The
239Np activity in the puriﬁed samples was measured by gamma
spectrometry, and compared with activities in the reference sam-
ples to determine the chemical yield during puriﬁcation. After
239Np had decayed away (~6 half-lives, ~2 weeks), 237Npconcentrations were analyzed by a NuPlasma HR ICP-MS. Typically,
Np chemical recovery yields for Np ranged from 50 to 90% between
samples, which was considered acceptable for an ultra-low level
analysis.
2.5. Calculation of relative radionuclide retardation factors
One of the goals of this study was to evaluate 237Np retardation
behavior relative to other radionuclides in NNSS groundwater. This
was accomplished by comparing the retardation factor of 237Np to
other radionuclides. The retardation factor, RRN, of a radionuclide is
the ratio of its total activity to the activity in the liquid phase at a
sample location such as a well
RRN ¼
STRN
Al;RN
¼ STRN
Cl;RNVl;RN
(1)
where ST is the total “groundwater-accessible” radiological source
term, Al is total activity of the radionuclide RN in the liquid phase, Cl
is the radionuclide concentration, and Vl is the volume of
contaminated liquid phase.
With respect to STRN, two points have to be considered. First, we
must deﬁne the total radiologic source term for each underground
nuclear test. The radiologic source term of a speciﬁc test is classi-
ﬁed. However, collective radiologic source term data for all un-
derground tests located within ﬁve principal underground testing
centers at the NNSS are available (Smith et al., 2003). In this study,
we use the average values, calculated by dividing the total radio-
logic inventory reported for each principal underground testing
center by the number of tests located in the testing center as
reasonable, though inherently approximate estimates of the test-
speciﬁc radionuclide activities. A similar approach was used by
Hu et al. (2008) for mobile radionuclides. The uncertainty associ-
ated with STRN varies. STRN is most accurate if the radionuclide
abundance was measured directly; it is least accurate if the radio-
nuclide abundance is estimated based on the device design and
performance (Smith et al., 2003). Second, only a fraction of the total
radiological source term is expected to become “groundwater-
accessible” because a signiﬁcant fraction of some radionuclides is
incorporated into a melt glass phase formed as the vaporized rock
cools immediately after an underground nuclear detonation. The
IAEA has estimated the fractionation between melt glass and
“groundwater-accessible” source terms for many radionuclides
associated with underground nuclear tests. For instance, the
“groundwater-accessible” fraction for tritium and 14C is 100%, 36Cl
and 129I is 50%, 99Tc is 20%, 237Np is 5%, and Pu is 2% (IAEA, 1998).
Taking these two points into account, the “groundwater-accessible”
source term for a given radionuclide (STRN) can be written as
STRN ¼
STTCRN
nTC
*f IAEARN (2)
where STTCRN is the total radiologic source term for a particular
principal underground testing center and radionuclide, nTC is the
number of the underground tests within that testing center, and
f IAEARN is the “groundwater-accessible” fraction for a particular
radionuclide as reported by the IAEA (1998).
After substituting Equation (2) into Equation (1), the retardation
factor ratios of 237Np to a reference radionuclide (RN) at a given
location can be obtained
RNp
RRN
¼ RNp=RN ¼
CRN  STTCNp  f IAEANp
CNp  STTCRN  f IAEARN
(3)
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the reference radionuclide are homogeneously distributed in the
liquid phase. To calculate these retardation ratios, all RN activities
were decay corrected to the same reference date (September, 23
1992) as reported previously (Smith et al., 2003). The simplifying
assumptions, inherent potential errors, and uncertainties associ-
ated with all the terms in Equation (3) can lead to large un-
certainties in the calculated retardation ratios. Thus, for the
purpose of general comparison, we group the ratios into three
categories:
1) If the mobility of 237Np is similar to that of the reference RN,
their retardation factors are similar, then the ratio, RNp/RN, would
be close to 1.
2) If 237Np is far less mobile than the reference RN, 237Np retar-
dation factor is much larger, RNp/RN would be[1; and
3) If 237Np is far more mobile than the reference RN, then RNp/RN
will be ≪1.
The RNp/RN can only be related to retardation factors in
groundwater wells located near contamination sources and in the
absence of signiﬁcant RN migration. As radionuclides migrate away
from the contamination sources, the calculated RNp/RN no longer
represents a simple ratio of retardation factors, as we discuss in this
paper.
3. Results and discussion
3.1. Neptunium data
3.1.1. Analytical results
Each batch of samples was run with both 239Np spiked proce-
dure blank and 239Np reference sample for chemistry recovery
calculations. The blank corrected analytical results for 237Np ac-
tivities in NNSS groundwater samples are listed in Table 1, grouped
by the principal underground testing centers. Detectable 237Np
concentrations range from 0.001 mBq/L (1.6  1016 mol/L) in wellTable 1
237Np, 3H and total Pu activities in NNSS groundwater samples (all data were decay corr
Principal underground
testing centers
Test Name Sampling well/Location Sam
Central Pahute Mesa Almendro U-19v PS1ds; Cavity/chimney 4/
4/
8/
Chancellor U-19ad PS1A; Cavity 5/
5/
Cheshire U-20n PS1ddh; Cavity 11
11
10
Western Pahute Mesa Benham ER-20-5 #1; 1300 m from Benham 11
7/
ER-20-5 #3; 1300 m from Benham 4/
Ranier Mesa Hot Tunnels U-12t gas sealed plug 11
Yucca Flat Dalhart U-4u PS2a; Chimney 2/
2/
Frenchman Flat Cambric RNM-1, Cavity 3/
6/
RNM-2s; 91 m from Cambric 3/
3/
6/
UE-5n; 510 m from RNM-2s 2/
4/
a Groundwater sample stored in 20-L container prior to analysis.
b Groundwater sample stored in 1-L container.RNM-1 (Cambric nuclear test) to 2.6 mBq/L (4.2  1013 mol/L) in
well U-19ad PS1a (Chancellor nuclear test). All measured 237Np
concentrations are well below the drinking water maximum
contaminant level (MCL) for alpha emitters (560 mBq/L) identiﬁed
by the EPA (2009). Neptunium-237 concentrations in groundwater
samples from near the Almendro nuclear test (U-19v PS1ds) and
two satellite wells near the Cambric nuclear test (RNM-2s and UE-
5n) are below our detection limit of 4 104 mBq/L (6 1017 mol/
L). Duplicate samples from wells near Dalhart (U-4u PS2a), Chan-
cellor (U-19ad PS1a), and Almendro (U-19v PS1ds) nuclear tests
and the satellite well near the Cambric nuclear test (RNM-2s),
provide reproducible results within an uncertainty of 10% or less
(when detectable).
The 237Np concentration of groundwater collected on 11/15/
2005 from a satellite well near the Cheshire nuclear test and stored
in a 1-L bottle is 0.2 mBq/L (3  1014 mol/L). This 1-L bottle was
thoroughly rinsed with concentrated HNO3 þ HF to remove any Np
sorbed onto container walls. In contrast, the 237Np concentration in
a 1-L sample taken from a non-acidiﬁed 20-L container collected on
the same day is much lower (0.012 mBq/L, 2  1015 mol/L). In this
case, the sample container was not rinsed with concentrated
HNO3 þ HF. The difference is caused by the loss of Np to container
walls during long-term sample storage. Based on these data, thor-
ough rinsing of sample bottles is essential for accurate 237Np
quantiﬁcation. Both 237Np concentrations determined for Cheshire
samples are reported in Table 1.
3.1.2. Comparison with model predictions at the Cambric test
Predictive models were recently used to simulate the migration
of Np near the Cambric underground nuclear test (Carle et al.,
2005). A number of uncertainties likely limit the accuracy of this
model to an order of magnitude or greater. These uncertainties
include: (1) the estimated radiologic source term (collective source
terms from (Smith et al., 2003)), (2) estimated Np partitioning
between different phases (rubble, water, gas, glass) (IAEA, 1998),
and (3) the estimated rates of nuclear melt glass dissolution, which
releases Np into groundwater. Nevertheless, transport modelsected to 9/23/92).
pling date This method Previously Reported
Value (mBq/L)
237Np 237Np 3H Pu-total
mol/L mBq/L
18/2006 <6E-17 <4E - 04 e 8.6E þ 09 <0.1
18/2006 <6E-17 <4E-04 e 8.6E þ 09 <0.1
17/1999 e e <0.40 8.1E þ 09 351.5
1/2008 4.3E-13 2.63 ± 4E-02 e 1.1E þ 09 870
1/2008 4.2E-13 2.59 ± 4E-02 e 1.1E þ 09 870
/15/2005 2.0E-15 0.012 ± 1E-04a e 2.6E þ 09 17.0
/15/2005 3.3E-14 0.204 ± 1E-03b e 2.6E þ 09 17.0
/12/1999 e e 1.00 2.8E þ 09 18.9
/30/2004 2.0E-15 0.012 ± 4E-05 e 2.8E þ 09 15.5
9/1998 e e 5.51 3.2E þ 09 21.8
30/1998 e e 0.78 7.9E þ 06 NA
/2/2006 2.0E-15 1.2E-02 ± 1E-04 e 3.9E þ 09 1998
6/2008 4.0E-16 2.4E-03 ± 1E-05 e 2.1E þ 09 7.0
6/2008 3.5E-16 2.2E-03 ± 2E-05 e 2.1E þ 09 7.0
6/2007 1.6E-16 1.0E-03 ± 4E-05 e 7.2E þ 04 0.22
28/2000 e 2.00 1.6E þ 06 NA
7/2007 <6E-17 <4E-04 e 8.4E þ 06 <0.7
7/2007 <6E-17 <4E-04 e 8.4E þ 06 <0.7
14/2000 e 2.00 1.1E þ 07 NA
12/2004 <6E-17 <4E-04 e 1.0E þ 07 <0.7
19/2001 e e 2.00
P. Zhao et al. / Journal of Environmental Radioactivity 137 (2014) 163e172 169predict a Np concentration of 0.006 mBq/L (11015 mol/L) at well
RNM-1, which agrees well with the measured concentration from
our present study (0.001 mBq/L, 2  1016 mol/L). Modeling results
also suggest that only insigniﬁcant amounts of 237Np would reach
satellite wells RNM-2s and UE-5n. These modeling results are
consistent with our analytical data that show non-detectable levels
of 237Np in both wells (detection limit of 4  104 mBq/L,
6  1017 mol/L). The comparison between data and models sug-
gest that transport models effectively predict low levels of 237Np at
the source location, and very little if any 237Np reaching the satellite
wells.Fig. 5. RNp=3H in NNSS groundwater and comparison to CSTR model prediction based
on RNp ¼ 1000 (lines and arrows represent evolution of RNp=3H in a simulated cavity as
a result of groundwater ﬂow). FF ¼ Frenchman Flat, YF ¼ Yucca Flat, PM ¼ Pahute
Mesa, RM ¼ Rainier Mesa.3.2. Neptunium mobility relative to other radionuclides
Ratios of retardation factors, as derived in Equation (3), were
used to evaluate Np mobility relative to other radionuclides. Fig. 4
depicts 237Np/3H retardation factor ratios as a function of the
tritium activity for all wells with detectable 237Np concentrations.
For reference, we identify the Maximum Contaminant Level (MCL)
for tritium, as deﬁned by the EPA (2009). As stated earlier, all 237Np
activities are well below the MCL for alpha emitters. In contrast,
most samples are well above the MCL for tritium (740,000 mBq/L,
6.9  1013 mol/L). Importantly, the retardation factor ratios for all
hot well samples, except for RNM-1 in Frenchman Flat, are much
larger than 1. This indicates that 237Np retardation is substantially
greater compared to that of 3H as expected. The results demon-
strate that 237Np is far less mobile than 3H in NNSS groundwater.
This immobilization can be attributed to the retention (i.e. sorption)
of 237Np on mineral surfaces.
The divergence in the apparent trend for groundwater fromwell
RNM-1 in Frenchman Flat can be explained by its complex and
unique history. In well RNM-1, most of the initial 3H activity was
pumped out of the cavity to an adjacent pumping well (RNM-2s)
during the course of a 20-year pumping experiment (Bryant, 1992;
Nimz and Thompson, 1992). Fig. 1 provides a schematic of the
Cambric site with its associated groundwater sampling wells and
their relative locations.
We can apply a Continuous Stirred-Tank Reactor (CSTR) model
to illustrate the potential effects of a 20-year pumping experiment
on RNp=3H as a function of water volume displacement. This modelFig. 4. RNp=3H in NNSS groundwater and EPA MCL for
3H (740 Bq/L). RNp=3H[1 in-
dicates that 237Np is much less mobile than 3H. FF data point is from well RNM-1.
FF ¼ Frenchman Flat, YF ¼ Yucca Flat, PM ¼ Pahute Mesa, RM ¼ Rainier Mesa.treats the test cavity as an equilibrated CSTR, the concentration of a
radionuclide species i (while neglecting radioactive decay) in the
CSTR is governed by the followings:
dCi
dt
¼ J  Ci
V  R (4)
Ci ¼ C0  exp

 J  t
V  R

(5)
where the activity concentration of species i (Ci, Bq/L) is a function
of the initial concentration (C0, Bq/L), the groundwater ﬂux (J, m3/
year), time (t, years), the water volume (V, m3) and retardation
factor (R) in the “reactor”.
Substituting the radionuclide activity in Equation (3) for Equa-
tion (5), the retardation ratio, RNp/RN in a CSTR is given by
RNp=RNðtÞ ¼ RNp=RNðt ¼ 0Þ*exp

D

1
RNp
 1
RRN

(6)
where D ¼ J  t/V constitutes the “dilution factor” of the Np and RN
concentration in the reactor over time. Using estimated retardation
factors of 1 and 1000 for R3H and RNp, respectively, we can simulate
RNp=3H as a function of D (Fig. 5). The CSTR model shows a much
faster rate of decreasing tritium concentration and subsequent
decreasing retardation ratio ðRNp=3HÞ at RNM-1. These simulation
results clearly demonstrate that the outlier value of RNp=3H deter-
mined for well RNM-1 can be explained by the impact of the 20-
year pumping experiment. Np retardation leads to a signiﬁcant
decrease in activity ratio of 3H to 237Np after the pumping
experiment.
A retardation factor RRN can be also expressed in term of the
radionuclide's Kd
RRN ¼ 1þ
rb
q
Kd (7)
Applying a bulk density (rb) of 2.0 g/cm3 and porosity (q) of 30% in
the cavity to Equation (7), a retardation factor of 1000 is equivalent
to a Kd of 150 mL/g for 237Np. This distribution coefﬁcient is
P. Zhao et al. / Journal of Environmental Radioactivity 137 (2014) 163e172170signiﬁcantly higher than values of <3 mL/g previously reported for
Np(V) sorption to the tuff and alluvium at NNSS (Zhao et al., 2011)
and the literature values ranged from 0 to 18 mL/g obtained from
different tuffs in Nevada Yucca Mountain area (DOE (US
Department of Energy), 2007). The approximate nature of this es-
timate should again be emphasized. The CSTR modeling results are
primarily useful for illustrating the evolution of RNp=3H at RNM-1
and providing an explanation for the lower than expected RNp=3H
at this location.
The retardation factor of Np is further compared to other ra-
dionuclides. Fig. 6 shows plots of RNp/RN of other mobile radionu-
clides (14C, 36Cl, 99Tc and 129I) relative to the 3H activity in each
principal underground testing center. Except for values at RNM-1,
the values of RNp/RN are either close or greater than 1 for all sam-
ples measured. This suggests that the retardation factor of 237Np is
generally higher than for 14C, 36Cl, 99Tc and 129I. Similar to the case
of 3H, the CSRT model simulations suggest that the pumping
experiment at RNM-1 will lead to a decrease in RNp/RN over time for
these reference radionuclides. These results are consistent with our
general expectations for a higher mobility of these radionuclides
relative to 237Np.
Previously, both 3H and 36Cl have been shown to exhibit con-
servative migration behavior over a broad range of environmental
conditions (Hu et al., 2008). Furthermore, they are chemically quite
stable, e.g. with respect to changes of redox potential (Eh) inFig. 6. RNp/RN for RN ¼ 14C, 36Cl, 99Tc, and 129I in NNSS groundwater. RNp/RN[ 1 indicates tha
radionuclides. FF ¼ Frenchman Flat, YF ¼ Yucca Flat, PM ¼ Pahute Mesa, RM ¼ Rainier Mesolution. While 14C, 129I and 99Tc can exhibit some degree of
retardation, depending upon the type of geological media and
environmental redox conditions (Hu et al., 2008), 237Np has
consistently been shown to be less mobile relative to radionuclides
3H and 36Cl.
Fig. 7 depicts the relative retardation of 237Np in comparison to
Pu (RNp/Pu). Surprisingly, all calculated ratios are centered near a
value of 1 except for the value at RNM-1. This suggests that 237Np
retardation is similar to Pu at these locations. The predominance of
Np(IV) under mildly reducing groundwater conditions (Zhao et al.,
2008) could explain the similar retardation behavior for Np and Pu.
In other words, their transport behavior may be comparable
because both actinides are predominantly in the þ4 oxidation state
and exhibit similar sorption and retardation (Assinder, 1999).
Alternatively, an apparent retardation of 237Np could also be the
result of the transport of its parent 241Am and grandparent 241Pu,
followed by their subsequent decay to 237Np. In this case, the
measured 237Np is a product of the 241Pu/241Am chain decay, and
consequently shows similar transport behavior as other Pu isotopes
(239Pu and 240Pu). To test the second hypothesis, we performed a
calculation of chain decay involving these three radionuclides. The
available initial 241Pu activities were estimated using measured
239,240Pu in each sample and the activity isotopic ratio
241Pu/239,240Pu of the source term at relevant principal under-
ground testing center (Smith et al., 2003). Our calculations showt 237Np is much less mobile than radionuclides generally considered being conservative
sa.
Fig. 7. RNp/Pu in NNSS groundwater. RNp/Pu ~1 indicates that 237Np mobility is similar to
that of Pu. FF data point is from well RNM-1. FF ¼ Frenchman Flat, YF ¼ Yucca Flat,
PM ¼ Pahute Mesa, RM ¼ Rainier Mesa.
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241Pue241Ame237Np decay chain range from 3 to 5 orders of
magnitude lower than observed values. It is, therefore, unlikely that
measured 237Np concentrations were the result of
241Pue241Ame237Np decay. Yet another alternative explanation is
that the apparent Pu retardation is low due to the inﬂuence of
colloids. As a result, Pu(IV) and Np(V) retardation ratios appear to
be similar. Additional oxidation state analysis and colloid charac-
terization would be necessary to positively identify the sorption
mechanisms underlying the similar apparent retardation of Np and
Pu.
4. Conclusions
We have successfully measured ultra-low levels of 237Np in
groundwater samples collected in four different principal under-
ground testing centers at NNSS. All measured 237Np concentrations
were below the MCL established for alpha activity by the EPA
(2009). Overall we can conclude that while 237Np remains an
important indicator for radionuclide transport rates at the NNSS, it
does not appear to pose signiﬁcant environmental risks with
respect to U.S. EPA drinking water standards.
Analysis of retardation factor ratio of 237Np to other radionu-
clides suggests that 237Np is substantially retarded compared to
tritium and other conservative radionuclides (14C, 36Cl, 99Tc and
129I) as expected. However, it is surprising that retardation of 237Np
appears to be very similar to that of Pu (239,240Pu). Np(IV) may exist
under mildly reducing groundwater conditions, and exhibit a
retardation behavior similar to Pu(IV). However, additional sample
characterization, such as fractionation on colloids, Eh measure-
ments and oxidation states would be necessary to positively
identify the mechanisms underlying the apparently similar Np and
Pu retardation.
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